Previously, we have shown that CD44 (the hyaluronan receptor) was involved in the degradation ofhyaluronan. In the present study, we examined the distribution of CD44 and hyaluronan in the skin of embryonic and mature mice. During embryonic development, CD44 was prominently expressed by the condensed mesenchymal cells involved in the formation of the hair follicles, but was absent from the surrounding interstitial celts. The cells of the dermal condensation expressed CD44 throughout the development of the hair follicle; however, once the hair follicle reached maturity, the mesenchymal cells of the dermal papilla no longer expressed this molecule. In COntrast to the above, the distribution of hyaluronan was reversed from that of CD44. Hyaluronan was widespread throughout the embryonic dermis, but was conspicuously absent from the regions of the dermal condensation. This arrangement persisted through the development of the hair follicle; however, in the mature hair
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Previous studies have suggested that in many cases the condensation of tissues is due to the loss ofhyaluronan from the extracellular matrix [4, 5] . For example, during the development of the cornea, hyaluronan is initially present, resulting in a swelling of the tissue, which facilitates the migration of mesenchymal cells from the pe-Manuscript received January 7, 1993; accepted for publication June 2, 1993 .
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follicle, hyaluronan reappeared in the dermal papilla. Thus in the embryonic dermis, the expression of CD44 and hya~ luronan.were complementary to each other. However, in the adult Sklll, only mlllor changes were detected in the levels of CD44 and hyaluronan associated with the cells of the dertnal condensation during the hair cycle. When organ cultures of embryonic mouse skin were treated with Streptomyces hyal, uronidase, the interstitial mesenchymal cells became Com_ pacted, indicating that the removal ofhyaluronan leads to the condensation of these cells. The results of this study are con, sistent with the hypothesis that the expression of CD44 b} the inductiv.e mesen~hymal ~ells allo.ws them to degrade hyaluronan III a locahzed reglOn, leadlllg to formation and maintenance of the dermal condensation. Key words: hyaiuronan/CD44/hair follicle/mesenchymal cells. J Invest DermatoI101: [820] [821] [822] [823] [824] [825] [826] 1993 riphery. Subsequently, the hyaluronan is lost and simultaneously the stroma of the cornea becomes condensed [4] . A similar situation has been o~served in several other de~elopin!? sy~tems as well [5] .
Thus, a major functiOn of hyaluronanls to malUtaln the extracellu_ Jar space between cells.
One mechanism for the removal ofhyaluronan depends upon the hyalmonan receptor, which is identical to one of the isoforms of CD44 (6) (7) (8) . This receptor is responsible for binding hyalmonan to the cell surface so that it ca~ be internalized and ultimately degraded by lysosomal enzymes. TI1JS process can be blocked by the addition of antibodies directed against the receptor [7] .
In the present study, we have examined the distribution of hyaluronan and its receptor (CD44) in the skin of embryonic and mature mice. We have found that during embryonic development CD44 was specifically expressed by the cells of the dermal conden~ sation that were involved in the formation of the hair follicle, but absent from the surrounding interstitial cells. CD44 was expressed by the cells of the dermal condensation during the development of the hair follicle, but was greatly reduced or absent from these cells in mature follicles throughout the different stages of the hair cycle. Moreover, the expression of CD44 was correlated with the absence of hyaluronan in the region of the dermal condensation. One possible interpretation of these results is that the hyaluronan was degraded by the cells using a CD44-dependent mechanism. Alternatively, the relative absence of hyaluronan may have been due to a localized decrease in its rate of synthesis. In either case, the absence of hyaluronan in this region probably contributed to the conderuation of the inductive mesenchymal cells.
0022-202Xj93jS06.00
Copyright © 1993 by The Sociery for Investigative Dermatology, Inc.
MATERIALS AND METHODS
Preparation of Biochemicals KM-201 is a rat monoclonal antibody against mouse CD44, which was originally isolated by Miyake et al [9] . This MoAb blocks the interaction between hyaluronan and CD44 [6] . The antibody was isolated from ascites fluid of nude mice by chromatography on diethylaminoethyl Affi-gel blue columns as described previously [7] . It was coupled to biotin (b-KM-201) with sulfosuccinimidyI 6-(biotinamido) hexanoate (Pierce) using the methods of Updyke and Nicolson [10] . The rat IgG used as a control was purchased from Sigma and biotinylated in the same fashion (b-rat IgG).
The binding probe for hyaluronan (b-PG) was prepared from cartilage extracts as .described previously [11] . This probe consists of a ~ture of the link protem and a fragment of the proteoglycan core protem. PrevIous scudies have shown that the b-PG probe binds to hyaluronan with high affinity and specificity [11, 12] .
Isolation of Tissue Timed-pregnant mice were obtained from Charles River (Wilmington, MA), Tyler Laboratories (Bellevue, WA), and the vivarium at the University of Washington (Seattle). The night of mating was defined as time 0 (i.e., the day after mating was considered day 0.5). At various times after mating, the mice were sacrificed and the embryos were surgically removed. For the biochemical analysis, the embryos were stored directly in 70% ethanol. For histochemical analysis, they were fixed overnight in 4% formaldehyde, 1.5% methanol, O.OS M NaHPO., pH 7.0, and tben stored in 70% ethanol. Similarly, samples of adult skin were removed from the backs of sacrificed mice, placed on a small piece of cardboard, and then fixed overnight as described above.
Western B lotting The back and flank skin was dissected from the mouse embtyos, rinsed in calcium-and magnesium-free phosphate-buffered saline (eMF-PBS), and homogenized in 0.5% Na deoxycholate, 0.5 M NaCI, ?02 M Tris pH S.O. The concentration of protein in the extracts was determmed using the bicinchoninic acid method (BCA Protein Assay Kit, Pierce, Rockford, IL) . Samples containing 50 Jlg of protein were precipitated by the addition of 70% ethanol, and then redissolved in Laemmli sample buffer lacking p-mercaptoethanol. After placing in boiling water for 5 min, the samples, along with prestained molecular-weight standards (high molecular weight, Bio-Rad, Richmond, CAl, were electrophoresed on a 10% SDSpolyacrylamide gel. The proteins were then electrophoretically transferred to a sheet of nitrocellulose (Immobilon, Millipore, New Bedford, MA) at 0.9 amp for 30 min using a transblot apparatus (Idea, Corvallis, OR) . The sh~et of nitrocellulose was incubated in 5% non-fat milk overnight to block resld-U31 protein binding sites. The sheet was then immunostained by incubation in the following solutions: 1) 4 Jlg/ml ofb-KM-201 in 10% calf serum, 90% eMF-PBS containing 0.05% tween 20 (blotting buffer) for 1 h; 2) 1 to 500 dilution of peroxidase-labeled streptavidin (Kirkegaard and Perry, Gaithersburg, MD) in blotting buffer; and 3) a peroxidase substrate consisting of 0.03% H 2 0 2 and 0.2 mg/ml 3-amino-9-ethyl carbazole in 0.05 M Na acetate pH 5.0 [13] .
HistocheD1ical Staining The embryos were first cut down the midsagittal plane. The embryos, as well as samples of adult skin, were dehydrated in a graded series of ethanol and water solutions, and then embedded in 90% polyester wax, 10% ethanol as described by Kusakabe el al [14] . Sections S J.l thick were cut on a cryostat at -20·C, layered on a water bath at 4 ·C, and tbtn taken up on sl ides subbed with egg albumin. The slides were dried overnight at 4·C, and stored at this temperature.
For staining, the sections were rehydrated in a graded series of ethanol and water solutions, and then incubated for 5 -10 min in 10% H 2 0 2 to inactivate endogenous peroxidase. The slides were incubated for 1 h with the primary reagent that was dissolved in 10% horse or calf serum, 90% CMF-PBS. For CD44, the primary reagent consisted of 4,ltg/ml of b-KM-201, and the background was determined by substituting an equal concentration of con-Ilol b-rat IgG. For hyaluronan, the primary reagent consisted of 4 Jlg/ml ~P G and the background was determined by premixing the b-PG with 100 pg/ml hyaluronan. After thorough washing, the sections were incubated for 15-30 min with peroxidase-labeled streptavidin diluted 1 to 500 in 10% serum, 90% CMF-PBS. Finally, the sections were incubated for 20-30 min in a peroxidase substrate consisting ofH 2 0 2 and 3-amino-9-ethyl carbazole. The sections were counterstained for 1. min in Mayer's hematoxylin followed by 0.5 M Tris pH 8.6 for 5 min, and then preserved in Crystal/Mount (Biomeda, Foster City, CAl. Coverslips (1t weight) were attached using Histomount (National Diagnostics, Highland Park, NJ).
Some aspects of the b-PG stain for hyaluronan should be noted [11 J. First, agents that precipitate hyaluronan (e.g., cetyl pyridinium chloride) were not ~d in this protocol, as they generally reduced the intensity of staining (unpublished observations). Consequently, hyaluronan, which is not as so- ciated with protein, may be leached out during processing of the tissue. And secondl~, hyal~ronan, which is complexed with large amounts of protein, such as m cartllage, will not be stained, as it is unable to interact with the b-PG probe.
Organ Culture The cheek pads of 12.5-d embryos were removed and placed dlrectly on metal screens that, in turn, were placed in organ culture chambers: The wells were filled with 5% fetal calf serum, 95% DMEM, such that the tl~sue was at the air-medium interface. Streptomyces hyaluronidase (type IX; Slgma, St. LoUts, MO) was added to the medium of the test cultures at a final concentration of approximately 25 units/mi. The cultures were maintained for 2 d in a 10% CO 2 incubator at 37"C, fixed in formalin, and then ~mbedded in. polyester wax as described above. Following sectioning, the shdes were stamed for hyaluronan nsing the b-PG probe or with hematoxylin alone.
RESULTS
The Different Isoforms of CD44 in Mouse Skin In initial experiments, the different isoforms of CD44 present in the embryonic mouse skin were examined by Western blotting. Figure 1 shows that two major species were apparent following staining with the KM-201 MoAb. The major immunoreactive band of80 X 10 3 M, corresponds to the CD44H isoform, associated with mesenchymal cells, whereas the minor band of approximately 180 X 10 3 Mr corresponds to the C:J?44E isoform, associated with epidermal cells [S, 15, 16] . In addLtlon, another high-molecular mass form (>200 X 10 3 ) could be observed in the sample of adult skin when run on a lower percentage gel (data not shown).
The relative concentration of CD44 changed as a function of embryonic development. CD44 immunoreactivity was present in the skin prior to embryonic day 13 (data not shown). The amount of CD44 relative to protein reached a maximum value between days 14.5 and 17.5. Thereafter, the relative amount of CD44 immunoreactivity decreased and only small amounts were apparent in the adult skin. Part of this decrease in CD44 immunoreactivity may reflect the large increase in the collagenous component of the skin with age, which reduces the proportion of the cell-associated proteins, including CD44.
Localization ofCD44 in Embryonic Skin The distribution of CD44 in the pelage skin at different stages of development was then examined by immunocytochemistry. The specific staining of CD44 with the b-KM-201 MoAb and control staining with rat IgG are illustrated in Figs 2a,b , respectively. Figure 2a shows that positive staining was associated with four different cell types. Firstly, the fibroblast-like cells beneath the skeletal muscle layer, panniculus carnosus, showed a weak staining that was present only during early embtyonic stages (cells labeled F in . Fig 2a) .
Secondly, positive staining was associated with round cells in the dermis that appear to be macrophages (labeled M in Fig 2a) . These cells were relatively sparse during early stages of development and increased in number as a function of age. Similar observations have been made with the macrophages associated with the lung tissue [7, 11, 17] .
Thirdly, immunostaining was present on the keratinocytes of the epidermis (labeled PD in Fig 2a) . These cells probably express the CD44E isoform of 180 X 10 3 M" which mayor may not be able to interact with hyaluronan [16, 17] ' In the embryos, the expression of CD44 by the keratinocytes changed with development. It was absent from the skin during initial stages (Fig 2c) , and first appeared on the more superficial layers of the epidermis (Fig 2a,d) . In later stages of development, it was present in the spinous layer of the skin (small arrowheads in Fig 2j,g) and was maintained in this region in the adult [12] . This distribution may be a reflection of the fact that CD44 is most prominently expressed by proliferating epithelial cells [12] .
On the other hand, it was also prominent along the inner root sheath of the hair follicles (small arrowhead in Fig 2h) , which are generally considered to be differentiated cells. And finally, the cells of dermal condensation also expressed CD44 (labeled DC in Fig 2a) , in contrast to the surrounding interstitial cells. The expression of CD44 by the cells of the dermal condensation also changed during development. It was absent from the dermis prior to hair follicle induction (Fig 2c) , and first appeared in the pre-germ stage on the mesenchymal cells immediately below the developing placode of the epidermis (large arrowhead in Fig 2d) .
In some cases, the expression of CD44 appeared to rrecede the actual condensation of the mesenchymal cells. Cells 0 the dermal condensation continued to express CD44 as hair follicle development progressed through the hair-germ, hair-peg, and bulbous-peg stages (large arrowheads in Figs 2e,j, and g). However, in the mature hair follicle of a 4-d-old pup, the expression of CD44 was greatly reduced or absent from the dermal papilla (labeled DP in Fig 2h) .
Similar observations were made with the developing vibrissa hair, which begin development earlier than pelage hair. Thus, it appears that the expression of CD44 by the inductive mesenchymal cells is directly correlated with the formation of the hair follicle.
Localization of Hyaluronan in Embryonic Skin
The distribution ofhyaluronan in the pelage skin of mice at different stages of development was examined by staining with b-PG, a specific hyaluronan-binding probe derived from cartilage [11] . Figures 3a,b show a comparison of the specific and background staining obtained with this probe on skin from a 1S.S-d mouse embryo. As demonstrated in Fig 3a, hyaluronan was present in both the dermis and epidermis. In the dermis, it was particularly abundant immediately next to the epidermis, but reduced below the level of the skeletal muscle (Fig 3a,c) . In the epidermis, hyaluronan was initially observed in the periderm and internal layers (small arrowheads in Figs  3a,d) , but, subsequently, relocated to the spinous layer (small arrowheads in Figs 3e,j,g) , where it remainecl in the mature skin [12, 18] . This is similar to the translocation that occurred in CD44 of the epidermis described above. Most interestingly, hyaluronan was greatly reduced or absent from the region of the dermal condensation (large arrowhead in Fig  3a) . Whereas hyaluronan was evenly distributed throughout the dermis prior to hair follicle induction (Fig 3c) , discontinuities where the hyaluronan was absent became apparent during the pre-germ THE JOURNAL OF INVESTIGATIVE DERMATOLOGY stage (large arrowhead in Fig 3d) . These sites were located next to the developing epidermal placodes prior to the formation of the dermal condensation. Hyaluronan was also absent from the dermal condensation during the subse~ue~t hair-germ, hair-pe~, and bulbous-peg stag.es (lar~e arrowheads m Figs 3e,j,g). However, m the mature hair folhcle (Fig 3h) , hyaluronan was observed to be present in the dermal papilla. A similar developmental sequence was apparent with both pelage and vibrissa hair follicles, except that the rate of development was different. These results indicate that in the inductive mesenchymal cells, the presence ofhyaluronan was inversely correlated with the expression of the receptor on the mesenchymal cells both spatially and temporally. ' Similarly, Figs 4b,d , and J show the distribution of hyaluronan in hair follicles during equivalent stages of the hair cycle. In general, low levels ofhyaluronan were associated with the dermal condensation during these stages. It should be noted that there were exceptions in which CD44 was detected in the dermal ~ondensation and hyaluronan was totally absent. Thus, the possibil-Ity that CD44 and hyaluronan undergo changes during the h air cycle cannot be eliminated. However, if such changes occur, the magnitude is far less than that seen during the embryonic development of the hair follicles .
Effects of Hyaluronidase on Embryonic Mouse Skin To determine whether condensation of the mesenchymal cells associated with the developing hair follicle could be due to localized degradation of hyaluronan, the cheek pads of 12.S-d mouse embryos were cultured in the presence and absence of Streptomyces hyaluronidase an enzyme that specifically degrades hyaluronan [20] . After 2 d ~ this medium, the samples of skin were processed for histology. Staining with the b-PG probe showed that hyaluronan was abundant in the extracellular matrix of the control tissue, but was totally absent from the hyaluronidase-treated tissue (data not shown). In addition, the mesenchymal cells in the hyaluronidase-treated tissue were highly condensed, whereas those of the control tissue were still dispersed (Fig Sa,b) . Similar results have been reported by other researchers when intact embryos were treated with hyaluronidase [21, 22] . These results show that the removal of hyaluronan alone can result in the condensation of mesenchymal cells.
DISCUSSION
The results of the present study demonstrate that there is a close correlation between the expression of CD44 and the absence of hyaluronan. The cells of the dermal condensation expressed CD44 only during the formation of the hair follicle, corresponding to the interval when hyaluronan was conspicuously absent from this region. Once the hair follicle reached maturity, the mesenchymal cells of the dermal papilla no longer expressed CD44 and hyaluronan returned to this region. This situation continued in the mature hair follicles of adult skin throughout the different stages of the hair cycle. Thus, both spatially and temporally, the expression of CD44 was correlated to the absence of hyaluronan. These results suggest, but do not prove, that the expression of CD44 by the inductive mesenchymal cells leads to the localized removal of hyaluronan. Indeed, previous studies have shown that macrophages and other cells that express CD44 have the capacity to degrade hyaluronan [7] . CD44 appears to bind hyaluronan to the cell surface, where it can be taken up inside the cell and then degraded by lysosomal hydrolases. Presumably, the mesenchymal cell of the dermal condensation have a similar capacity. However, it is also possible that the absence ofhyaluronan is due to a decrease in it synthesis. The synthesis ofhyaluronan is directly related to the rate of cell proliferation [23, 24] , which is particularly low in the dermal The removal of hyaluronan can lead to the condensation of the mesenchYIDal cells. In the present study, this was demonstrated by the fact that the treatment of cultured cheek pad with Streptomyces hyaluronidase leads to the collapse of the intercellular spaces, causing the condensation of the mesenchymal cells, reminiscent of the dermal condensation. Several other studies have made similar observations concerning the collapse of the extracellular matrix in intact embryos, following treatment with hyaluronidase [21 ,22] . Clearly, byaluronan is responsible for maintaining these extracellular spaces, which is an important aspect of morphogenesis.
The relationship between the expression of CD44 and the absence of hyaluronan has been observed in several other systems as well. For example, during lung development, the loss ofhyaluronan was directly related to an increase in the number of macrophages expressing CD44 [17) . Furthermore, when new-born mice were injected with blocking antibodies to CD44, the hyaluronan content ofthe lungs increased significantly. Presumably, the antibody prevented the breakdown ofhyaluronan by the macrophages. A similar inverse relationship between CD44 and hyaluronan has been noted in the developing tooth, liver, and lymphoid tissues (Underhill, unpublished observations). And finally, in the present study we noted that the hyaluronan in the dermis extended to the level of the ~keletal m.uscle, below which the fibroblasts express CD44. Thus, the inverse relationship between hyaluronan and the expression of CD44 by JUesenchymal cells is a general phenomenon.
However, this inverse relationship did not hold up in the case of the epidermis, where the expression of CD44 and hyaluronan were directly correlated with one another. Both molecules were present in the periderm during early stages of development and subsequently moved to the spinous layer as the epidermis matured. This HYALURONAN AND CD44 OF HAIR FOLLICLES 825 Figure 5 . The effects of treatment with Streptomyces hyaluronidase on the mesenchymal cells of organ cultures of mouse skin. The upper cheek pads from 12.S-d mouse embryos were placed in culture in the presence and absence of Streptomyces hyaluronidase. After 2 d, the tissues were fixed and examined histochemically. a) In control tissue, hyaluronan is present and the mesenchymal cells arc clearly separated from one another. b) In hyaluronidase-treated tissue, hyaluronan is absent and the mesenchymal cells are hIghly condensed. Interestingly, the nuclei were larger than in the control sample. The reason for this difference is ul1clear. Bar, 50 /lm. codistribution of CD44 and hyaluronan has been noted in several ot~ler eP.ithelia as well [12, 19, 26] . However, the situation in the eplderllllS may be fundamentally different from that of the mesenchymal ceIls, because the keratinocytes express the CD44E isoform of 180 X 10 3 Mr [15] . This isoform contains an additional insert in the extracellular domain that may prevent it from interacting with hy~luronan [16J, although there is some controversy about this P Oillt [18] . Thus~ the eridermis mayor may not be able to participate III the degradatIOn 0 hyaluronan. Whereas the function of the C~44~ i~oform has not yet been determined, it may be involved in mamtalllmg the extracellular spaces between adjacent epidermal cells [12] .
In addition to hyaluronan, several other components of the extracellular matrix are conspicuously absent from the dermal condensa-tio~ during h~ir. follicle development. For example, there is a dimi-nutlOn.of fib:llhn and c.olIagens type I, III, V, and VI surrounding the hair follicle, and Simultaneously, there is an il1crease in the expression of interstitial collagenase [27. 28J. Similarly, there is a decrease III the bulbous pemphigoid antigen, a molecule that is closely associ~t7d with hemidesmosomes [29] and a dermatansulfate-conta1l11ng proteoglycan that may be identical to decorin. * And fin~lly, ten. ascin, a molecule associated with epithelial-mesenchy.mallI~teracttons between cells, also undergoes dynamic changes dunng ha.tr fo l!lcle m~rphogellesis . It is initially present beneath the pre-germ, but 15 IV collagen, fibronectin, and heparan sulfate proteoglycan) do not appear to change during development of the hair follicle [29 -31] . The mechanism that accounts for the distribution of these components is unclear. It is possib.le that the l~s~ of the extr~cell~lar matrix underlying the basal lamma may faC1lItate the mlgratlOn of the epidermal cells into the dermis during the formation of the hair follicle.
In addition to CD44, the cells of the dermal condensation express several other proteins that carry out a variety of functions. For example, these cells also express syndecan, a molecule that binds to both collagen and fibronectin [32] [33] [34] . It is interesting to note that CD44 and syndecan are co-expressed in several other tissues, including the epithelium, tooth, and crypts of Lieberkuhn [12,34 -36] . Similarly, the cell adhesion molecule N-CAM is also expressed by the cells of the dermal condensation [37] . * And finally, the mesenchymal cells secrete epimorphin, which is involved in the signaling between the mesenchyme and the epidermis [38] . Thus, the expression of CD44 and the associated loss of hyaluronan should be considered as one of a number of events that occur during morphogenesis of the hair follicle.
